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Stimulated  omission  predictions  and  measurements  for  an  H,  ♦  F2  laser  are 
cop|>ared  for  lb  pressures  from  threshold  to  stoichiometric,  a  range  of  several 
orders  of  magnitude.  Slowly  flowing,  holiun-diluted,  50-Torr  mixtures  are 
initiated  pliotolytically,  Two  dilution  ratios  and  two  output  couplers  are  con¬ 
sidered,  and  good  agreement  is  found  for  time  to  threshold  and  pulse  duration 
vs  1L  pressure.  Spiking,  relaxation  oscillations,  and  possibly  mode  beating, 
features  not  modelad,  are  observable  in  some  pulses;  however ,  predicted  intensity 
vs  time  generally  agrees  in  pulse  sluino  with  laser  output.  Observed  and  predicted 
peak  intensities  nearly  natch  for  low  lb  pressure,  and  the  predicted  increase  of 
peak  intensity  with  low  IL  is  followed  fairly  well.  For  IU  in  tl>e  vicinity  of 
one-tenth  stoichiometric,  the  peak  intensity  data  show  an  abrupt  leveling  off, 
while  the  calculations  predict  a  continuing  incroase.  This  disagreement  most 
probably  cannot  be  attributed  to  uncertainties  in  the  kinetic  model.  All  rate 
modifications  considered  have  proven  incapable  of  producing  a  diange  sufficiently 
large  or  abrupt  to  oxplain  this  foaturo  of  the  data.  Experimental  results  are 
presented  supporting  the  notion  that  parasitic  oscillations  cause  this  change  in 
loser  output, 
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ABSTRACT 


Stimulated  emission  predictions  and  measurements  for  an  *  F2  laser 
are  compared  for  H2  pressures  from  threshold  to  stoichiometric,  a  range  of 
several  orders  of  magnitude.  Slowly  flowing,  hel inn-diluted,  50-Torr  mixtures 
are  initiated  photolytically.  Two  dilution  ratios  and  two  output  couplers  are 
considered,  and  good  agreement  is  found  for  time  to  threshold  and  pulse  dura* 
tion  vs  H2  pressure.  Spiking,  relaxation  oscillations,  and  possibly  mode 
beating,  features  not  modeled,  are  observable  in  some  pulses;  however,  pre¬ 
dicted  intensity  vs  time  generally  agrees  in  pulse  shape  with  laser  output. 
Observed  and  predicted  peak  Intensities  nearly  match  for  low  pressure,  and 
the  predicted  increase  of  peak  intensity  with  low  H2  is  followed  fairly  well. 
For  H2  in  the  vicinity  of  one- tenth  stoichiometric,  the  peak  intensity  data 
show  an  abrupt  leveling  off,  while  the  calculations  predict  a  continuing 
increase.  This  disagreement  most  probably  cannot  be  attributed  to  uncertain¬ 
ties  in  the  kinetic  model.  All  rate  modifications  considered  have  proven 
incapable  of  producing  a  change  sufficiently  large  or  abrupt  to  explain  this 
feature  of  the  data.  Experimental  results  are  presented  supporting  the  notion 
that  parasitic  oscillations  cause  this  change  in  laser  output. 
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I.  IT.KOniXTION 


Measurements  and  theoretical  predictions  of  stimulated  emission  for  an 
»2  ♦  F2  laser  are  compared  in  this  report  over  a  wide  range  of  initial  II2  con¬ 
centrations.  While  such  comparisons  were  heretofore  unavailable,  several 
earlier  studies  of  pulsed  *  F2  chemical  lasers  have  been  reported.1’16 
Experimental  investigations  have  shown  the  existence  of  lasing  for  several 

mixtures  and  initiation  methods,  and  have  presented  the  laser’s  spectrum1’’*'5’16 

7  8  12 

or  time-resolved  spectrun.  ’  ’  Most  of  this  work,  however,  gives  very 

limited  information  about  the  effect  on  the  laser  pulse  of  changes  in  mixture 

11  7 

composition.  Notable  exceptions  are  the  works  of  Hpss  and  Dolgov- Savel'yev. 

Hess  investigated  the  effect  of  total  pressure  with  a  fixed  composition  ratio 

H^F^He  ■  0.33:1:40  and  the  effect  of  varying  the  ratio  over  a  limited 

range.  Hess  also  presents  results  of  simplified  rate  equation  calculations 

for  the  reacting  mixture  but  without  including  the  effect  of  stimulated 

emission.  He  finds  that  his  experimental  laser  pulses  terminate  at  times,  for 

which  his  calculations  indicate  substantial  completion  of  the  reaction. 

A  previous  work  that  gives  calculations  of  stimulated  emission  for  the 
17 

H2  ♦  F2  pulsed  laser  contains  no  comparisons  with  experiment.  It  neverthe¬ 
less  identifies  the  relative  importance  of  the  mechanisms  in  the  theory  and 
shows  the  predicted  effects  of  varying  initial  composition,  temperature,  and 
the  optical  cavity. 


Pioneering  comparisons  of  pulsed  chemical  laser  experiments  with  theoret- 
ical  calculations  are  given  by  Airey  for  an  HC1  laser  pumped  by  the  reaction 
between  hydrogen  bromide  and  photolytically  produced  atomic  chlorine.  We  ex¬ 
tend  Airey' s  approach  to  the  more  complicated  M2  +  F2  system  where  vibration- 
rotation  bands  cascade  and  where  chain -react ion  pumping  can  extend  the  laser 
pulse  well  beyond  the  duration  of  the  flashlamp  used  for  photolytic  initiation. 
Moreover,  the  larger  gain  of  HF  as  compared  with  HC1  gives  rise  to  experimental 
complications  apparently  not  present  in  the  work  of  Airey. 

Emanuel  and  co-workers  formulated  a  multilevel  chemical  laser  theory 
and  computer  simulation  for  prediction  of  laser  performance  from  a  rate  model, 
thermodynamic  and  spectroscopic  properties,  and  parameters  describing  the 
laser  cavity.  In  addition,  Cohen  gives  a  critical  assessment  of  rate  coef¬ 
ficients  for  reactions  in  the  ^  ♦  F2  laser  system,  along  with  a  recomnended 
set  of  "best"  values  for  these  rates.  We  incorporated  the  rate  model  suggested 
by  Cohen*  into  the  theoretical  model  and  present  the  first  comparison  of  pulsed 
H2  +  F2  laser  experiments  with  complementary  theoretical  predictions. 

The  experiments  measure  output  intensity  vs  time  as  a  function  of  the 
hydrogen -to- fluorine  ratio.  The  reacting  mixture  has  a  fixed  total  pressure 
of  50  Torr  with  varying  initial  composition,  and  the  mole  ratio  is 
varied  from  0.0008  to  1  with  the  He/F2  mole  ratio  at  20  or  40.  Two  different 
output  coupling  mirrors  are  used.  Traces  of  HF  in  the  reacting  mixture  before 
initiation  are  measured  by  determining  the  attenuation  of  a  probe  beam  from  a 


*The  rates  used  in  our  calculations  reflect  some  new  values  obtained  since  the 
preparation  of  Ref.  20.  Details  are  given  in  the  Appendix. 
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line-selected  HF  laser.  Our  experiments  are  distinguished  from  earlier  work 
by  their  detailed  study  over  a  wide  range  of  initial  hydrogen  concentrations 
and  by  the  measurement  of  initial  HI;  concentrations,  a  precaution  not  included 
in  previous  work. 

Experimental  and  predicted  pulse  shapes  are  qualitatively  very  similar. 
Measurements  and  predictions  of  time  to  laser  threshold  and  pulse  duration  vs 
hydrogen  partial  pressure  are  in  good  agreement.  For  H2/F2  ratios  less  than 
0.1,  modeling  and  experimental  results  have  the  same  trend  in  peak  intensity 
vs  hydrogen  partial  pressure.  For  H2/F2  ratios  greater  than  0.1,  our  calcula¬ 
tions  predict  a  continuing  increase  of  peak  intensity  with  increasing  hydrogen; 
however,  the  experimental  data  for  peak  intensity  in  this  region  exhibit  an 
abrupt  leveling  off.  With  H2/F2  -  1.0,  the  peak  intensity  is  barely  larger 
than  at  H2/F2  -  0.1.  This  behavior  most  probably  cannot  be  attributed  to  un¬ 
certainties  in  the  kinetic  model.  All  rate  modifications  considered  have 
proven  to  be  incapable  of  introducing  a  sufficiently  large  or  abrupt  change 
in  the  peak  intensity  vs  H2  curve  to  explain  the  data.  Supplementary  experi¬ 
mental  results  are  presented  supporting  the  notion  that  parasitic  oscillations 
are  the  cause  for  this  decrease  in  laser  output.  This  indicates  that  previous 
pulsed  HF  laser  work  may,  in  part,  be  misleading  because  of  the  presence  of 
parasitic  oscillations. 


ii.  rniNTAi. 

12 

Experiments  were  performed  with  a  flash  photolysis  laser  apparatus. 

A  quartz  laser  tube  with  a  1. 27-cn  i.d.  and  53.3  cn  in  length  v/as  attached  to 
aluminum  window  holders  machined  to  the  Brewster  angle  for  NaCl.  The  tube  en¬ 
closed  a  continually  flowing  reactant  mixture.  A  laser  cavity  100  cm  in  length 
was  formed  by  a  spherical  mirror  of  8.8-m  radius  and  a  dielectric-coated  flat 
of  either  251  transmittance  (sapphire  substrate)  or  65%  transmittance  (silicon 
substrate) .  The  spherical  mirror  was  gold-coated  to  a  nominal  reflectivity  of 
98%. 

Helium  (Matheson,  99.99%)  and  fluorine  (Matheson,  98%)  are  premixed  at  a 
mole  ratio  of  10  to  1  and  a  pressure  of  7.1  atm  in  a  passivated  stainless  steel 
bottle  having  a  perforated  sting  to  ensure  complete  mixing.  The  remainder  of 
the  gas  sample,  H 2  (Matheson,  yn.<V)fl%),  and  additional  lie  is  flow  monitored  anil 
mixed  with  the  F2-He  sample  in  an  aluminum  mixing  block.  The  F2-He  mixture  is 
injected  through  a  calibrated  sonic  orifice  into  the  H2-He  flow.  As  a  pre- 
caution  against  preignition  of  the  mixture,  tubing  from  the  mixer  to  the 
laser  tube  and  from  the  laser  tube  to  a  carbon  trap  is  of  Teflon  and  aluminum. 
The  carbon  trap  protects  the  vacuum  pump  from  unreacted  F2.  Flame  propagation 
from  the  carbon  trap  back  into  the  laser  tube  is  discouraged  by  an  aluminum 
screen  flame  arrestor  in  this  exhaust  line.  Gases  from  the  laser  tube  are  ex¬ 
hausted  by  a  15  ft3/min  mechanical  vacuum  pump  (Kinney  KC-15).  Pressures  are 
measured  with  gauges  (Heise)  having  Cu-Be  Bourdon  tubes. 

Pnceliig  page  Mink 
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A  14,7  yF/20  kV  capacitor  (Sangamo),  ignitron  triggered,  is  discharged 

through  a  xenon  flashlamp  (Kemlite)  with  an  active  length  of  56  an  to  initiate 
the  laser  reaction.  The  lamp  and  laser  tube  are  5  an  apart  and  are  optically 
coupled  by  a  closely  wrapped  aluminum  foil  reflector.  Flashlamp  output  is 
monitored  by  means  of  a  929  photodiode  (RCA) . 

Laser  radiation  is  monitored  with  a  Au:Ge  detector  (Raytheon)  placed 
100  an  from  the  output  coupling  mirror.  The  sensitive  area  of  the  detector, 
which  measures  2  nm  in  diameter,  acts  as  an  aperture  so  that  only  radiation 
very  near  the  laser  axis  is  monitored.  Calibration  against  a  black  body  source 
indicates  that,  for  the  wavelengths  of  interest,  the  detector  has  a  sensitivity 
of  0.97  V/W  with  a  50-fl  load.  Total  risetime  of  the  detector  and  oscilloscope 
is  known  from  other  experiments  to  be  about  20  nsec. 

Precise  values  for  initial  concentrations  of  the  various  reactants  are 
desired.  Therefore,  we  measure  the  extent  of  the  prereaction  between  the  H2 
and  F2  before  flash  initiation  and  the  amount  of  HF  initially  present  in  the 
F2*  Two  independent  techniques  are  employed :  the  first  measures  the  change  in 
the  fluorine  concentration  as  H2  is  introduced,  and  the  second  measures  the  HF 
pressure  in  the  reactants  prior  to  photolysis. 

In  the  first  method,  uv  radiation  from  a  high  pressure  dc  mercury  lamp 
is  split  into  two  beams;  one  beam  passes  through  the  laser  where  it  is  partially 
absorbed  by  the  F2,  while  the  other  is  used  as  a  reference.  By  means  of  a 
mechanical  chopper,  the  beams  are  displayed  alternately  to  a  photomultiplier 

*>2 

covered  by  a  band  filter,  290  ♦.  10  nm,  centered  near  the  ^2  absorption  peak.“ 
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The  phctomulti.pl ier  output  (square  wave)  is  displayed  on  an  oscilloscope  and  is 
interpreted  by  a  differencing  procedure.^  With  this  technique,  we  are  able  to 
measure  changes  of  a  few  percent  in  the  F,  partial  pressure.  Under  the  condi- 
tions  of  the  present  experiments,  the  h'2  partial  pressure  was  found  to  remain 
constant,  independent  of  the  H2  partial  pressure. 

The  second  method  uses  infrared  absorption  to  measure  directly  the  HF(O) 
concentration  in  the  laser  tube.  A  transverse  electrical  discharge  HF  laser4  *  is 
used  for  this  purpose.  In  this  laser,  ninety  100-ft  resistors  in  parallel  act  as 
pin  electrodes  for  discharge  of  a  1500-pF  capacitor  charged  to  15  kV  through  an 
H2  +  SF6  mixture  (mole  ratio  1  to  10)  at  a  total  pressure  of  50  Torr.  The 
optical  cavity  consists  of  a  spherical  mirror  with  a  3.15-m  radius  of  curvature 
and  a  2 -ran  hole  for  output  coupling,  gold-coated  to  a  nominal  reflectivity  of 
98t,  and  a  plane  reflectance  grating  (PTR)  with  7200  lines/in.  blazed  at  2.6  um. 
With  this  arrangement,  individual  transitions  in  the  v  *  3+2 ,  2+1,  or  1+0  bands 
could  be  selected.  The  present  measurements  used  the  Pj(3),  Pj(5),  and  P^(7) 
transitions. 

Absorption  coefficients  associated  with  each  of  these  laser  lines  are 
determined,  in  place,  by  measuring  the  attenuation  of  each  line  with  a  known 
pressure  of  HF(0)  in  the  laser  tube.  A  dual-beam  experiment  is  used  to  avoid 
error  because  of  variability  of  the  line-selected  laser’s  pulse  amplitude 
(typically  £l5t).  The  line-selected  laser  beam  is  split  with  a  reference  beam 
sent  directly  to  a  detector  and  a  probe  beam  sent  through  the  photolysis  laser 
tube  before  detection.  Nominally  identical  Au:Ge  (Raytheon)  detectors  are  used 
for  the  two  beams.  The  attenuation  of  the  probe  beam  is  calculated  from 
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measurements  of  the  ratio  of  the  probe  to  the  reference  beam  with  and  without 
HF(O)  in  the  laser  tube.  Values  determined  for  absorption  coefficients  of  the 
probe  transitions  are:  (3) ]  »  6.50  ±  O^lCcm-Torr)"1,  C5) J  ■  1,92  ± 

0.18(cm-Torr)"\  and  Kq[P^(7)]  -  0.27  ±  0.02(cm-Torr)"*, 

After  calibration,  the  dual -beam  laser  absorption  apparatus  is  used  to 
determine  the  amount  of  HF(O)  present  in  the  F2  or  *n  t^ie  H2-F2-He  m^xtures 
before  initiation.  As  shown  in  Fig.  1,  the  F2  sample  contained  approximately 
1.6  ±  0.3  mTorr  of  HF(O)  per  Torr  of  F2<  In  addition,  trace  amounts  of  pre¬ 
reaction  of  H2  +  F2  are  indicated  by  the  rising  portions  of  the  curves  in  Fig.  1. 
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PRESSURE  HF  (0),  mTorr 


III.  COMPUTER  SIMULATION 


The  chemical  laser  computer  simulation  used  is  described  in  Ref.  19,  but 
a  resum6  of  its  features  is  presented  in  this  section.  Rate  equations  are  used 
to  represent  the  chemical  kinetic  and  stimulated  emission  processes  occurring  in 
a  representative  unit  volume  within  a  Fabry- Perot  cavity.  All  processes  are 
assumed  uniform  throughout  the  cavity.  Rotational  equilibrium  at  the  transla¬ 
tional  tenperature  T  is  assumed.  Only  the  transition  with  maximum  gain  in  each 
band  is  assuned  to  lase;  this  is  always  in  the  P-branch.  Combined  Doppler  and 
collisional  broadening  (Voigt  profile)  is  modeled.  IXiring  lasing,  the  gain  at 
line  center  is  held  constant  at  the  threshold  value  for  the  cavity;  the  gain 
profile  is  assumed  to  saturate  homogeneously. 

Reaction  of  the  H2  +  F2  ♦  diluent  mixture  is  represented  by: 

1.  Photodissociation  of  F2 

F2  +  hw  — ►  2F 

2.  rhe  H2  -  F2  chain 

F  *■  ^5=*  HF(v)  ♦  H 

H  +  F25=*HF(v)  ♦  F 

3.  Vibrational -translational  (VT)  deactivation 

HF(v)  +  M  HF(v-l)  ♦  M 

H2(v)  ♦  M  ^H2(v-1)  ♦  M 

4.  Vibrational -vibrational  (W)  quantum  exchange 

HF(v)  +  HF(v')  HF(v+l)  ♦  HF(v'-l) 

HF(v)  ♦  H2(v')  i=£HF(v*l)  ♦  H2(v'-1) 
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5.  Dissociation-recombination 
F2  +  M  +  F  +  F 

H2  +M^?M  +  H  +  H 
HF(v)  +  M5=^M  +  H  +  F 

This  reaction  system  is  approximated  by  the  79  reactions  and  rate  coefficients 

listed  in  the  Appendix.  Except  as  noted,  the  rate  coefficients  are  those  sug- 
2n 

gested  by  Cohen. 

Photolytic  initiation,  i.e.,  dissociation  of  F2  by  the  flashlamp,  is 
modeled  by  the  F-atom  production  rate 


[l  -  expC-Z^)]  (1) 

where  I(t)  is  the  flash  intensity  normalized  to  have  a  maximum  of  unity,  Zj^  is 
the  maximum  output  of  the  lamp  in  moles  of  photons  ]>cr  unit  laser  volume  per  sec, 
and  Z7  is  the  product  of  a  mean  absomtion  coefficient  and  absorption  length. 

The  chemical  reactions  are  written  as 


L 


a  -N. 
rx  i 


6  .N. 
ri  x 


(2) 


where  N.  is  the  molar  concentration  of  species  i,  a  .  and  0  .  arc  stoichiometric 
i  ri  ri 

coefficients,  and  k  and  k  are  forward  and  backward  rate  coefficients. 

r  -r 

The  rate  of  change  of  concentration  N(v)  for  vibrational  level  v  is  given 
by 

'  \ad(v'1-,L)  *  *ch(v)  <3> 
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where  ^riUj(v*J)  is  the  rate  o£  change  of  concentration  resulting  from  lasing 
from  v  +  1  to  v.  Lower  level  rotational  quantum  numbers  J  and  are  selected 
as  those  giving  maximum  gain  for  transitions  v  +  1  v  and  v  -*■  v  -  1,  respectively. 
The  rate  of  change  of  N(v)  resulting  from  chemical  reactions  *ch'v>  is 


*ch<v>  "  E  '8ri  ■  “ri>  \ 


00 


where 


Lr  ■  kr  f  Nj  '  k-r  ?  Nj  ^ 


The  laser  cavity  is  assumed  to  have  a  uniform  photon  flux  with  active 
tiediun  length  L  and  mirror  reflectivities  Rq  and  Lasing  initiates  for  any 
v  ♦  1  -*■  v  band  when  the  gain  for  the  highest  gain  transition  of  that  band  is 
equal  to  the  threshold  gain  a^,  where 

athr  "  "  2L  (5) 

The  gain  is  assumed  constant  over  length  L.  As  only  P-branch  transitions  need 
be  considered,  the  gain  of  a  transition  with  lower  level  v,  J  is 


a(v,J)  u>c(v,J)  *(v,J)  B(v,J)[^44  N(v  +  J  -  D  *  N(v»J)] 


(6) 


The  wave  number  of  the  transition  is  u>c(v,J),  B(v,J)  is  the  Einstein  isotropic 
absorption  coefficient  based  on  the  intensity,  and  NAis  Avogadro’s  number.  Line- 
broadening  constants  ana  resonance  constants  used  in  the  Voigt  profile  at  line 
center  $(v,J)  are  those  of  Ref.  19. 
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Tlie  Boltzmann  distribution  of  the  rotational  populations  is  given  by 


N(v,J)  -  N(v)  exp  f-hcEvT/Wr]  (7) 

(T)  L  J  J 

where  values  of  the  rotational  partition  function  (T)  and  rotational  energy 
lij  are  from  the  data  of  Mann,  et  al.^5  Planck’s  constant,  the  speed  of  light, 
and  Boltzmann's  constant  are  denoted  as  h,  c,  and  k,  respectively.  The 
energy  equation  for  a  constant  density  gas  is  written  in  the  form 


(IN, 


£  ¥Pi  a?  -  S  ■ '  pl  -  S  nr  »i  « 

where  Cp  is  the  specific  heat  at  constant  pressure  and  IT  is  the  molar  enthalpy 
of  species  i,  p  is  the  pressure,  and  PL  is  the  output  lasing  power  per  unit 
volume.  The  pjwer  is 


PL(t)  - 


hc^c 


(v,J) 


*rad 


(9) 


l^merical  integration  of  Eqs.  (1),  (3),  (8),  and  the  equation  of  state  de¬ 
termines  the  pressure,  tenperature,  and  species  concentrations  until,  at  some 
time  tQ  and  for  some  value  J  »  Jq,  the  gain  on  a  given  vibration-rotation  transi¬ 
tion  reaches  a^.  At  this  time,  the  laser  pulse  begins.  Then  Eqs.  (1),  (3), 
(5),  (8)  and  the  equation  of  state  are  solved  for  the  transient  temperature, 
pressure,  concentrations,  and,  for  each  band  that  is  lasing,  output  power  and 
active  J.  During  lasing,  this  value  of  J  shifts  sequentially  to  larger  values 
because  of  HF  concentration  growth  and  temperature  rise.  Lasing  terminates  when 
all  a(v,J)  become  less  than  <*thr. 
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The  laser  power  PL(t)  in  fiq.  (8)  is  the  sun  from  both  mirrors  of  the 
cavity.  The  power  extracted  from  mirror  Rq  is 


[1 


_ a  -  m. 

(r0/\)1/2Hi  - 


<W 


17? I 


PiCt) 


(10) 


Initial  conditions  and  model  parameters  are  determined  to  reflect  con¬ 
ditions  of  the  experiments.  In  these  experiments,  the  laser  has  an  active 
medium  length  of  53.3  cm.  The  optical  cavity  is  formed  by  a  gold-coated  mirror, 
with  nominal  reflectivity  of  0.98,  and  one  of  two  partially  transmitting 
mirrors  —  a  251  transmitting  dielectric-coated  sapphire  flat  or  a  651  trans¬ 
mitting  ar- coated  silicon  flat.  Other  losses  in  the  cavity  were  lumped  with 
the  981  reflecting  gold  mirror  for  an  estimated  value  ■  0.9.  The  output 
mirrors  were  taken  as  Rg  -  0.75  and  0.35,  respectively.  Initial  concentrations 
were  matched  to  those  of  the  experiment,  including  the  effect  of  prereaction 
(Fig.  1).  The  normalized  flashlamp  profile  was  determined  (Fig.  2)  and  taken 
as  I(t).  At  these  low  concentrations,  the  mixture  is  optically  thi.i,  i.e., 

«  1;  hence,  Eq.  (1)  becomes 

2 

dN_ 

3r*2ZlZ2I(t)NF2  (11) 

Therefore,  only  the  product  ZjZ2  is  necessary  to  model  the  flashlamp  coupling. 
Because  an  independent  measure  of  ZjZ2  was  not  available,  we  determine  this 
parameter  to  be  2.1  x  10^sec"*by  matching  the  computed  time  for  the  laser 


INTENSITY 


Fig,,  2.  Flashlamp  Intensity  vs  Time  Observed 
Through  a  290  ^  10  run  Spectral  Filter 
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to  reach  threshold  to  the  measured  time  for  the  case  HE  ■ 
the  25%  transmitting  output  mirror.  This  procedure  seemed  most 
as  time-to-threshold  predictions  for  this  case  depend  on  only  a 
(ZjZ2,  pumping  rates,  and  a^). 


0.1:1:20  with 
satisfactory, 
few  parameters 


IV.  RESULTS  AMP  DISCUSSION 


In  the  sections  that  follow,  the  results  of  our  experimental  and  theo¬ 
retical  investigations  are  compared.  Interpretation  of  the  character  of  the 
laser  pulse  is  given  in  regions  where  experiment  and  theory  agree.  In  regions 
of  disagreement,  the  probable  cause  for  deviation  of  experiment  and  theory  is 
isolated  and  additional  experimental  results  are  presented  to  enhance  the  inter¬ 
pretation  of  the  disagreement. 

A.  PULSE  SHAPE 

Experimental  intensity  vs  time  records  are  found  to  exhibit  three  types 
of  pulse  shape.  Pulses  for  very  low  H,  have  peak  intensity  at  the  beginning 
and  then  an  irregular  decay  to  zero.  Additionally,  these  records  have  pro¬ 
nounced  transients  superposed  on  the  basic  pulse  shape.  Pulses  for  experi¬ 
ments  with  somewhat  larger  rise  from  threshold  to  peak  intensity  in  several 
distinct  steps.  After  peak  intensity,  there  is  a  smooth  decay  to  zero.  Addi¬ 
tional  transients  are  less  pronounced  in  these  records.  Finally,  for  near 
stoichiometric,  the  pulses  have  small  initial  steps  and  a  smooth  rise  to  peak 
intensity  and  decay  to  zero.  Records  of  the  observed  pulse  shapes  with  the  25t 
output  coupler  for  F2/He  ■  1/20  and  1/40  are  presented  in  Fig.  3.  Also  shown 
in  this  figure  are  predicted  intensity  vs  time  pulse  shapes.  In  order  to  facili 
tate  comparison,  the  intensity  scale  for  each  conputed  pulse  is  selected  so  that 
the  peak  intensity  is  approximately  the  same  fraction  of  the  ordinate  as  the 
observed  pulse;  the  time  scales  are  identical.  Except  for  the  transients  in  the 
experiment,  tlie  main  features  of  these  pulse  shapes  arc  predicted  quite  well  by 

Preceding  page  Mink 


I. 

A 

% 


-19- 


A1ISN31NI— •- 


x  o 

UJ  o 


o  o 
or  cc 

CL  3C 

9r  Q 


20 


the  theoretical  model.  The  tine  location  of  the  observed  laser  pulses  is  somewhat 
arbitrary  because,  in  some  cases,  '"lashlanp  triggering  was  delayed  relative  to 
oscilloscope  triggering.  In  the  next  sections  wc  find  that,  when  these  trigger¬ 
ing  problems  were  averted,  the  observed  and  predicted  tine  locations  were  in  good 
agreement . 

With  the  knowledge  that  observed  and  predicted  pulse  shapes  are  similar,  we 
selected  three  pulse  characteristics  for  quantitative  comparison.  These  are: 
time  from  onset  of  the  flashlamp  until  laser  threshold,  pulse  duration  measured 
from  laser  threshold  to  the  point  in  the  tail  of  the  pulse  where  the  intensity 
has  fallen  to  one-tenth  its  peak  value,  and  the  peak  intensity  during  the  pulse. 
For  brevity,  we  refer  to  these  parameters  as:  time  to  threshold,  pulse  duration, 
and  peak  intensity. 

B.  TIME  TO  THRESHOLD 

Observed  and  predicted  values  of  time  to  threshold  for  F2/f5e  =  1/20  and 
for  both  output  couplers  are  in  good  agreement  as  seen  in  Fig.  4.  As  expected, 
the  time  required  to  reach  threshold  increases  as  the  initial  H2  decreases.  For 
small  H^,  threshold  is  not  achieved.  Synchronization  difficulties  caused  erratic 
time-to-threshold  data  for  the  F2/He  =  1/40  mixtures;  however,  results  similar  to 

those  in  Fig.  4  were  found  for  these  mixtures  in  earlier  experiments. 

26 

Chester  and  Hess  compared  theoretical  and  experim3ntal  values  of  time  to 
threshold  for  a  pulsed  HF  laser  based  on  flash  photolysis  of  MoF6  +  H2  mixtures. 
They  found  good  agreement  over  a  range  or  mixture  pressures.  Detailed  prediction 
of  other  features  of  the  laser  pulses  was  not  included  within  the  scope  of  their 
study. 
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TIME  TO  THRESHOLD,  /isec 


Pig.  4.  Observed  and  Predicted  Tine  to  Achieve  Laser  Thresliold 
as  a  Function  of  U,  for  Initial  (lonnosition  Ratio 
lL:F,:lic  «  II-,:  1: 2n**aivl  for  2.r»  and  65*  Transmitting 
odtpflt  Mir rots 


C.  I'lll^l.  MUIVVriON 

In  5,  observed  and  pre.licfrd  pulse  durations  arc  compared  an  a  func¬ 
tion  of  11.,  for  the  four  ease;;  studied,  'Pie  overall  agreement  is  good,  Por 

u 

H2:F2:He  ■  H2 :1 : 40  and  the  251  output  mirror,  there  is  excellent  agreement. 

The  main  trends  are  the  same  for  the  other  cases,  but  there  are  some  deviations 
between  theory  and  experiment.  For  example,  the  theoretical  point  in  Fig.  5d 
that  is  quite  high  stems  from  a  condition  that  produced  an  output  with  a  double 
spike;  the  small  second  spike  results  when,  in  the  calculation,  the  gain  on 
another  vibrational  transition  achieves  threshold.  The  pulse  duration  of  the 
first  spike  at  this  same  concentration  is  in  good  agreement  with  experiment. 

An  upper  limit  on  the  laser  pulse  duration  is  imposed  by  the  time  required 
to  consune  the  i.e.f  the  reaction  duration.  The  reaction  duration  is  nearly 
constant  for  small  H2  where  the  heat  release  is  negligible.  For  increasing  \\^ 
above  H2/F2  ■  0.1,  however,  there  is  a  decreasing  trend  to  the  reaction  duration 
caused  by  thermal  acceleration  of  the  pumping  rates.  This  decreasing  trend 
appears  for  both  experiment  and  theory  in  all  four  cases  of  Fig.  5. 

The  laser  pulse  is  actually  shorter  than  the  reaction  duration.  A  finite 
time  interval  of  pumping  occurs  before  lasing  begins,  and  deactivation  processes 
quench  the  laser  before  the  reaction  is  complete.  In  the  model,  the  dominant 
deactivators  are  F  (Reacts.  44-50),  H  (Reacts.  23-29),  and  HF  (Reacts.  37-43); 
their  relative  importance  depends  on  the  initial  ratio.  For  <0.01, 

deactivation  by  F  dominates.  For  1^^  >  0.01,  deactivation  by  HF  and  H  is  more 
important . 

As  H2  is  increased,  a  "knee"  is  found  in  the  theoretical  prediction  of 
pulse  duration  and  is  most  evident  for  the  F2/He  -  1/40  mixture  with  the  65t 
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output  coupler.  This  "Knee"  occurr.  where  the  conputotion  changes  abruptly 
fron  predomination  of  lasing  on  bands  associated  with  the  punning  reactions 
F  +  H2  (Reacts.  11-13)  to  lasing  on  all  bands  associated  with  the  chain  and, 
hence,  a  much  higher  degree  of  cascading.  This  abrupt  behavior  was  not  ob¬ 
served  experimentally. 

The  following  section  presents  evidence  that  leads  us  to  the  conclusion 

that  parasitic  oscillations  rob  power  from  the  observed  laser  beam,  especially 

in  the  regime  H2/F2  >0.1.  Based  on  the  good  agreement  shown  in  Figs.  4  and 

5,  it  appears  that  time  to  threshold  and  pulse  duration  are  little  affected  by 

these  parasitics.  This  is  in  marked  contrast  to  the  behavior  of  some  ruby 

lasers  where  the  onset  of  parasitic  oscillations  causes  premature  quenching  of 

27 

the  observed  laser  beam  or  of  some  glass  lasers  where  parasitics  reach  thres- 

28 

hold  first  and  quench  the  observed  beam  altogether. 

D.  PliAK  Ii.TllNSITY 

In  Fig.  6  are  presented  the  theoretical  curves  and  experimental  data  for 
peak  intensity  vs  parts  H2  for  the  four  cases  studied.  In  interpreting  the 
experimental  records,  an  average  is  used  when  transients  occur  in  the  vicinity 
of  the  peak  intensity.  These  plots  show  that,  below  one-tenth  part  theory 
and  experiment  have  the  same  trends.  Above  this  H2  pressure,  the  agreement 
vanishes;  theoretical  peak  intensity  continues  to  increase  with  while  the 
experiments  exhibit  an  abrupt  leveling  off.  The  best  agreement  is  observed 
in  Figs.  6c  and  6d  and  the  poorest  agreement  in  Figs.  6a  and  6b.  For  a  fixed 
H2/F2  ratio,  the  small -signal  gain  is  lower  for  mixtures  represented  in  Figs. 

6c  and  6d  than  those  in  Figs.  6a  and  6b  as  shown  in  Fig.  7.  The  influence  of 
gain  on  these  observations  will  be  discussed  again  shortly. 
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A  similar,  hut  more  severe,  experimental  trend  is  reported  by  Hess11  for 
cases  with  a  composition  ratio  ■  II,:  1:40,  pressures  near  160  Torr, 

and  a  99-cm  laser  tube.  His  data  show  that,  on  increasing  the  H,/F,  ratio  from 
0.33  to  1.0,  the  observed  peal;  paver  decreases  by  nearly  a  factor  of  three. 

The  discrepancy  shown  in  Fig.  6  is  investigated  by  an  evaluation  of  the 
effect  of  uncertainties  in  rate  coefficients  for  the  deactivation  mechanisms. 

As  a  limiting  case,  we  examine  the  effect  of  an  extreme  cliange  in  the  rate  for 
VT  deactivation  of  IIF  by  (Reacts.  30-36).  In  place  of  the  rate  coefficient 
given  in  the  Appendix,  which  is  based  on  experimental  data,  we  hypothesized 
a  largest  plausible  rate.  This  rate  was  chosen  as  three  times  the  HF  -  HF  VT 
rate  (sec  Reacts.  37-43).  As  shown  by  the  dashed  curve  in  Fig.  6e,  this 
hypothetical  fast  deactivation  causes  a  moderate  reduction  in  the  predicted 
peak  intensities  for  the  larger  values  of  l^.  The  fast  deactivation  effect 
is  not  large  enough  to  account  for  the  experimental  results.  Moreover,  it 
occurs  gradually;  whereas,  the  experiments  show  an  abrupt  leveling  off  of 
the  peak  intensity. 

17 

Other  variations  in  rate  coefficients  were  considered.  It  was  known 
that  variations  in  the  pumping  reaction  rates,  pumping  reaction  distribution, 
or  in  the  IIF  -  HF  and  HP  •  1^  W  rates  within  reasonable  bounds  were  not 
capable  of  predicting  tho  behavior  indicated  by  the  experimental  results 
in  Fig.  0.  The  offoct  of  variations  in  the  IIF  -  F  and  HF  -  II  VT  rate 
coefficients  was  also  examined.  Multiquantixn  deactivation  by  these  atoms 
or  increases  in  their  efficiency  by  a  factor  of  in  also  would  not  account 
for  the  observed  behavior.  In  addition,  even  though  the  stoichiometric 
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mixtures  for  F2/lle  ■  1/40  and  1/20  reach  temperatures  as  high  as  870°K 
and  1230#K,  respectively,  at  pulse  termination,  the  uncertainty  in 
the  temperature  dependence  of  the  major  mechanisms  is  not  sufficient  to 
explain  the  experimental  results.17*20  These  uncertainties  in  the 
kinetics  showed  less  pronounced  effects  than  that  illustrated  by  the 
dashed  curve  in  Fig.  6c.  We  therefore  conclude  that  it  is  uiqnrobable 
that  a  purely  kinetic  explanation  exists  for  the  leveling  off  of 
experimental  peak  intensity  shown  in  Fig.  6, 

Explanations  for  the  sharp  leveling  off  of  peak  intensity  may  also 
t>e  sought  in  the  area  of  undcsircd  optical  phenomena.  The  actual  laser 
is  more  complicated  than  assumed  in  the  theory  and  is  subject  to 
several  problems.  Spatial  nonuniformity  of  tlie  reaction  and  concomitant 
gradients  of  refractive  index  may  increase  cavity  losses,  as  well  as 
steer  the  beam  away  from  the  detector.  A  liost  of  parasitic  lasing  modes 
is  also  conceivable  because  of  the  high  gain  of  the  medium  and  because 
the  reaction  occurs  within  a  tube  wliose  wall  and  windows  arc  not 
perfectly  transmitting,  because  parasitic  oscillations  are  known  to 
occur  in  solid-state  lasers  under  high-gain  conditions,  "  we  have 
given  than  first  attention. 

Parasitic  modes  are  thosn  that  reflect  off  the  tube’s  wall  and  are 
regenerative.  We  will  limit  our  discussion  to  two  possible  types: 
circumferential  or  whispering  modes  and  axial  modes.  Nonpar asitic  modes 
are  referred  to  as  fundamental  (either  longitudinal  or  transverse) 
modes. 
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The  likelihood  of  parasitic  modes  is  shown  in  Pig.  7  by  an  order  of 
magnitude  comparison  between  the  largest  small-signal,  gain  of  the  modium 
and  the  gains  required  for  threshold  for  several  nodes  of  oscillation  in 
our  apparatus.  Threshold  gains  for  wall  grazing  nodes  with  either  near- 
axial  or  circumferential  paths  are  obtained  by  use  of  expressions  including 
Fresnel  law  estimates  of  losses  suffered  in  near-grazing  reflections  at  the 
laser  tube  wall  (Fig.  7).  In  making  these  threshold  estimates,  we  neglect 
gain  saturation  due  to  carpeting  modes.  Likewise,  we  do  not  account  for 
mode-coupling  effects  that  could  cause  a  lowering  of  the  threshold  gain  for 
certain  parasitic  modes. 32 

Figure  7  shows  that  variation  of  the  II2  pressure  serves  as  a  convenient 

way  of  varying  the  peak  small-signal  gain  over  several  orders  of  magnitude. 

As  expected,  peak  gains  are  larger  for  the  less  dilute  mixture.  As  H2 

increases,  the  small-signal  gain  for  either  mixture  becomes  nearly  as 

large  as  the  threshold  for  circumferential  modes  and  much  larger  than 

the  threshold  values  for  either  fundamental  or  near-axial  grazing  modes. 

The  fundamental  modes  of  lowest  loss  saturate  the  gain  down  the  center  of 

the  laser  tube  but  not  near  its  walls.  A  competition  for  this  outer 

annulus  of  high  gain  exists  between  fundamental  modes  with  greater  losses 

(i.e.,  high-order  transverse  modes)  and  near-axial  grazing  modes,  either 

of  which  can  degrade  the  intensity  along  the  laser  axis.  Grazing  modes, 

once  oscillating,  are  particularly  detrimental  to  our  comparison  (Fig.  6), 

because  they  extract  energy  when  passing  near  the  tube  center  that  might 

otherwise  be  emitted  in  a  longitudinal  mode  that  contributes  to  the 

28  29 

measured  intensity.  * 
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Measurenents  of  the  output  intensity  of  flash  photolysis  UF^  ♦ 

anl  MoF&  ♦  H2  lasers  as  a  function  of  the  total  sample  pressure  by 
7 

Rolgov-Savel'ycv  have  shown  a  similar  behavior.  As  the  sample  pressure 
was  increased,  the  laser  output  intensity  for  the  MoF^  ♦  1^  mixture 
was  found  to  first  increase  with  pressure,  then  decrease  with  further 
increasing  sarple  pressure.  Similar  results  were  found  in  the  UF^  ♦  H2 
system.  Tliese  observations  can  also  be  explained  in  terms  of  parasitic 

oscillations.  Tliis  is  because  an  increase  in  sanple  pressure  corresponds 

I 

to  an  increase  in  the  gain  of  the  system  if  we  assume  that  their  samples 
are  optically  thin  to  the  flashing  radiation  and  tJiat  Hopnler  broadening 
is  controlling  the  gain.  Once  the  system  gain  has  reached  a  critical 
value,  a  furtlver  increase  in  sample  pressure  will  lead  to  the  onset  of 
parasitic  oscillations  and  a  decrease  in  the  fundamental  mode  laser 
intensity. 

Supplementary  experimental  results  arc  given  that  serve  to  isolate 

further  the  nature  of  the  discrepancies  in  Fig.  6.  In  one  set  of 

experiments,  total  small-signal  gain  is  varied  by  a  change  in  the  length 

of  the  active  medium.  In  another,  the  effect  on  laser  spot  size  of  gain 

coefficient  variation  is  studied.  Both  experiments  lend  credence  to  the 

idea  that  nonideal  optical  behavior  is  present. 

33 

Previous  studies  indicate  that  parasitic  oscillations  arc  difficult 
to  avoid  when  the  total  small-signal  gain  exceeds  &  critical  value.  Thus, 
experiments  that  vary  this  gain  by  changing  the  length  of  active  medium 
are  expcctod  to  be  informative.  Such  experiments  are  performed  by  the 


’osc  of  masks  outside  the  laser  tube  to  change  the  length  of  the  photolyzed 
medium.  Measurements  .are  made  of  peak  intensity  as  a  function  of  the  H2 
pressure  with  illuminated  lengths  of  10,  5,  and  2.5  cm,  with  a  laser  mixture 
of  P2/llc  "  1/20  and  25*  output  coupling.  Hie  results  of  these  measurements 
arc  shown  in  Pig.  8.  In  the  10-cm  ease,  the  trends  are  much  the  same  as  with 
the  53.3-cm  length.  With  the  5-cm  active  length,  intensity  leveled  off  at 
1/10  part  II2,  hut  no  decrease  in  power  i/as  observed  on  further  increasing 
the  Il2.  Data  for  the  2.5-on  active  length  agree  more  closely  with  the  theoret¬ 
ical  trend,  because  they  exhibit  a  monotonic  increase.  Also  displayed  in 
Pig.  8  are  the  results  of  Hess.11*  The  trend  observed  in  this  laser  peak  in¬ 
tensity  agrees  well  with  the  pattern  of  trends  we  observed. 

The  effect  of  decreasing  the  length  is  reflected  in  the  theoretical 
model  through  Eqs.  (5)  and  (10).  Por  mixtures  capable  of  attaining  gains  well 
al>ove  threshold,  the  variation  of  peak  intcasity  with  length  is  dominated  by 
Eq,  (10) .  Therefore,  the  model  implies  that  the  peak  intensity  should  vary 
proportional  to  L  for  112  >  1/100  part.  This  trend  is  shown  by  the  data  in 
Fig.  8. 

With  an  active  laser  length  of  2.5  cn,  a  moderate  leveling  off  of  the 
peak  IDF  power  was  observed.  A  possible  explanation  for  this  effect,  the 
threshold  estimates  of  Pig.  7  notwithstanding,  may  be  the  existence  of  cir¬ 
cumferential  modes.  These  modes  can  oscillate  independent  of  the  laser 
length,  as  they  are  dependent  only  on  the  gain  and  the  reflection  angle  from 

*We  have  converted  the  power  data  of  hef .  15  to  intensity  by  dividing  by  a 
detector  area  of  0.0314  err, 34 
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the  inner  surface  of  the  laser  tube.  Whispering  laser  nodes  have  previously 
been  observed  in  a  Sm++  doped  CaP9  sphere  of  radius  1  nm  and  solid-state 
toroids.  * 

In  a  second  set  of  experiments,  t!ie  effect  of  pain  variation  on  laser 
spot  size  v/as  studied.  We  define  the  laser  snot  size  as  the  largest  diameter 
of  an  iris,  external  to  the  laser  cavity,  through  ,fhich  the  laser  beam  passes 
with  uniform  intensity,  i.e.,  bean  power  varies  as  the  square  of  the  radius. 

As  the  flashlamp  energy  increases,  the  fraction  of  T\,  molecules  dissociated 
to  F  atoms  increases.  Consequently,  increasing  flash  lamp  energy  increases  the 
rate  at  which  the  11^  ♦  F,,  chain  runs,  ami  this  increases  the  small-signal  gain. 
It  was  found  that,  as  the  flash  energy  increased  from  zero,  the  laser  spot 
size  increased  in  diameter.  A  further  increase  in  energy  did  not  effect  the 
spot  size,  and  finally,  at  high  flash  energies,  the  spot  size  was  found  to 
vary  inversely  with  flash  energy.  The  increase  in  spot  size  at  low  flash 
energies  can  be  explained  by  an  increase  in  the  number  of  fundamental  laser 
nodes  that  reach  threshold  as  the  flash  energy  increases.  We  expect  parasitic 
oscillations  to  compete  with  these  nodes,  however,  and  ultimately  cause  the 
spot  to  decrease. 
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Stimulated  emission  from  an  HF  chemical  laser  is  shown  to  be  well  pre¬ 
dicted  by  a  theoretical  model  that  is  based  on  chemical  rate  equations  and 
that  assumes  constant  gain  and  rotational  equilibrium.  For  an  H2  ♦  F2  chain 
reaction  laser  initiated  by  flash  photolysis,  comparisons  of  pulse  shape,  time 
to  threshold,  pulse  duration,  and  peak  intensity  show  excellent  agreement  con¬ 
sidering  the  approximations  of  the  model.  Where  cavity  transients  are  observ¬ 
able,  the  constant  gain  predictions  agree  with  a  smoothed  curve  through  the 
average  of  the  transients. 

Detailed  study  of  the  effect  of  partial  pressure  on  laser  performance 
is  a  useful  diagnostic  technique  for  identifying  the  presence  of  undesired 
optical  behavior.  With  this  technique,  we  have  shown  the  regime  H2/F2  >0.1 
as  one  where  parasitic  oscillations  are  believed  to  occur  and  to  dominate  the 
interpretation  of  the  experiment.  Supplementary  calculations  and  experiments 
tend  to  confirm  this.  Spatially-resolved  laser  output  measurements  are  needed 
to  delineate  further  the  character  of  parasitic.  On  the  basis  of  these  re¬ 
sults,  we  are  led  to  the  conclusion  that  previous  pulsed  H2  +  F2  laser  inves¬ 
tigations  may,  in  part,  show  misleadingly  small  laser  outputs  because  of  para¬ 
sitic  oscillations. 
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APPIiNPIK.  T  H.  TTACTION  SYSTHM 


The  chemical  kinetic  model  and  corresponding  rate  coefficients  used  in 
this  study  are  listed  in  Table  A- 1.  The  rate  coefficients  are  mostly  from  a 
compilation  prepared  by  N.  Cohen."  Several  additional  studies  have  appeared 
recently,  however,  and  the  present  rates  reflect  the  new  data.  Implications  of 
the  difference  in  rates  between  the  table  and  Ref.  20  are  not  serious  and  are 
covered  in  the  footnotes  of  Table  A- I. 

Some  of  the  catalytic  species  listed  at  the  end  of  Table  A-I  are  multiplied 
by  a  constant.  This  is  equivalent  to  using  a  rate  coefficient  whose  value  is 
larger  by  this  factor.  The  thermodynamic  data  were  tal.cn  frou  the  J.VIAF  (.Joint 
Army,  Navy,  Air  Porce)  publication  distributed  by  the  Dow  Chemical  Corporation. 
The  thermodynamic  data  of  excited  species,  however,  v;crc  generated  at  this 
laboratory. 


Table  A- 1 


Reactions  and  Rate  Coefficients 


Reaction  No. 

Reaction1 

Rate  Coefficient2*5 

k(Sno*)4 

1 

F2  ♦  Mjs=*  F  .  F  ♦  Hj 

kj  ■  5.0  »  1033e35,34 

9,64  *  in*13 

2 

HjlO)  ♦  ♦  H  ♦  Mj 

k.2  •  10 3V3-° 

3.33  *  10*35 

3 . 

lO1 

HFlvJ  ♦  Mjscih  ♦  F  ♦  M, 

kj,v  -  1.5  .  v  -  0 . 7 

5.93  *  10**4 

II6 

F  ♦  Hj(0)^HF(l)  ♦  H 

k11  •  2.7  «  l01Jel,M 

1,14  X  1012 

12 

F  ♦  t’^(0)^£HF(2)  ♦  H 

ki2  -  3.26k,, 

6.91  x  if  12 

13 

F  ♦  H^OJociHFO)  ♦  H 

kjj  -  1.63k,, 

3.91  x  in12 

14 

F  ♦  H2(0)f=±HF(4)  ♦  H 

k-14  ‘  4,0  *  10l21fl-1Se5S 

6.14  x 1910 

15, 16 

F  ♦  H^OJssSHFCv)  ♦  H 

k.10.v  *  1.2  *  103¥'35  v  -  5.6 

2. 42  xlO13 

176 

H  ♦  Fy^fc  KF(1)  ♦  F 

kj?  -  6.3  «  1032e2,44 

1.12  x  in11 

18 

H  ♦  F2s=SHF(2)  ♦  F 

kll  '  3*53k17 

1.79  x  in13 

19 

H  ♦  FjSariFSO)  ♦  F 

^9  *  2,7k17 

3.9 1  X1911 

20 

II  ♦  F2;=tHF(4)  ♦  F 

^0  ’  3'33k17 

3.73  x  in11 

21 

H  ♦  F25^HF(S)  ♦  F 

kjj  -  5.56k,, 

6,25  xlO13 

22 

H  ♦  F25=SHF(6)  ♦  F 

*12  -  5.01k,, 

5.71  xlO11 

23,... 

,297 

lff(v)  *  Nj^=itHF(v  •  1)  ♦  Mj 

k22*v  *  6,41  ‘  W1!3,51#'3'944®  »  *  1 . 7 

2.38  x 1913 

30,... 

,36“ 

lf(*]  ♦  M4^tHF(v  -  1)  ♦ 

k^  -  1.7  «  lO^T3'77  v  -  1 . 7 

4.12  xio10 

37,... 

,43S 

W(v)  ♦  Mj«a*HF(v  -  1)  ♦  Mj 

kj^  -  1.7  «  106vT3,77  ♦  1.1  «  10lJvT'0,4  v  •  1 . 7 

1.16  xlO12 

449 

MF(1)  ♦  HF(0)  ♦  1^ 

kM  -  1.5  «  hW'V-18 

7.11  X1911 

459 

lff(2)  ♦  l\p=^KF(l)  ♦  ^ 

k4J  -  1.5  »  10l(V,0e0,4e 

2.39  xio12 

40,... 

.SO9 

HF(v)  ♦  l^=SW(v  -  1)  ♦  1^ 

k43»v  "  I*3  “  lO30!3’0  v  *  3 . 7 

4,59  XlO12 

51,... 

,S73" 

W(v)  ♦  (v  -  1)  ♦  M, 

^  •  8.0  »  lO'V*0  V  -  1 . 7 

6.4*  XIO6 

5*,... 

.63 

2HF(v)5=*HF(v  -  1)  ♦  lff(v  ♦  1) 

^♦v  *  3,0  ‘  l(),v<v  *  D1*'5  v  '  1 . 6 

1.94  XIO12 

64,... 

,6» 

HF(v)  ♦  HF(v  ♦  l);=£lff(v  -  1)  ♦  W(v  ♦ 

2) 

kjj^y  ‘  5-°  >  l<>7v(v  *  2)T3,5  v  •  1 . 5 

7.79  x  1011 

69,... 

.72 

HF(v)  ♦  HF(v  ♦  2)^=tl*:(v  -  1)  *  W(v  ♦ 

3) 

kjj^  ■  2.0  »  107v(v  ♦  3JT3'3  v  -  1 . 4 

4,16  x  1931 

73U 

HF(1)  *  HjlOJa-iHFCO)  .  Hj(l) 

k.7J  •  2.5  »  loV*5 

1.39  x  !912 

74U 

HF(2)  ♦  HjtOlssMffCl)  *  Hj(l) 

k.74  •  2.0  »  loV’5 

1.04  x  1032 

75“ 

HF(3)  ♦  H2(0)^±lf(2)  ♦  llj{l) 

k>75  •  1.3  »  lO*!3,5 

6.75  x  1033 

76U 

HF(1)  ♦  Hj(l)s=iHF(0)  ♦  1^(2) 

k.7#  •  1.2  «  lO9!3,5 

6.24  x  1032 

77“ 

HF(2)  ♦  Hj(l)e-*HF(1)  *  Hj(2) 

k_„  -  1.4  «  loV*3 

7.27  x  1032 

71,79 

ll2(v)  ♦  ^Hj(V  •  1)  *  Mj 

*7*v  *  2*3  “  l0'4/l4’5  V  *  3*2 

1.12  x  107 

NTTIT-S  r0n  TABI.H  A-T 


1Catalytic  species: 

M,  ■  all  species 
1  7  2 

M2  ■  £  HF(v),  2.5  £  MV>»  20H>  F»  F2 *  lfe 
v-0  v-0  z  z 

NL  -  H 
3  2 

M4  -  £  H-(v) 

4  v-0  ^ 

7 

Mr  *  I  HF(V) 
v-0 

m6-f 

Mj  -  F2,  l.SHe 

7  2 

M«  -  £  HF(v),  4  £  IL(v),  H,  He,  F,  F 
8  v-0  v-0  L  L 


^Rate  coefficients  k+  anrl  k_  designate  forward  and  backward  rates,  respectively, 
with  units  in  terms  of  moles,  cm3,  and  sec.  For  each  reaction,  the  missing  rate 
coefficient  is  determined  from  the  equilibrium  constant. 


3The  quantity  6  -  -(103/RT),  where  the  tenqperature  T  is  in  °K  and  R  is 
1.987  cal/mole-°K. 


^For  reactions  with  more  than  one  value  of  v,  the  into  coefficient  at  300°K 
is  given  for  the  smallest  v. 


A- 5 


Vibrational  energy  above  the  ground  state  is  denote .1  as  b^. 

^Overall  purging  of  Reactions  (11)  through  (13)  and  (17)  through  (22),  and 
their  distribution  *./ith  v(v>l)  are  the  sane  as  Ref.  20;  however,  based  on 

calculations  by  Wilkins,*  these  reactions  do  not.  populate  v  «  0. 

7  ■’n 

The  SSI  nr  rate  calculated  by  Cohen*-  is  used.  This  rate  is  so  large  that  it 
was  assumed  independent  of  v. 


0 

Rates  of  Reactions  (37)  through  (13)  are  essentially  the  sane  as  Ref.  20  at 
30fl°K;  however,  we  have  used  a  slightly  di frercnt  temperature  variation  that 
reflects  an  earlier  interpretation  of  the  data  of  Ref,  38.  The  efficiency  of 
H2  in  deactivating  IIF(v)  is  assumed  to  be  the  sane  as  1IR-IIF  at  high  temperatures. 


Tie  ratio  of  k^Jk^jk^  is  assumed  to  be  the  sane  as  the  rates  for  deactivation 
of  IICl(v)  by  Cl,  v  ■  1,  2,  3,  in  Ref.  39.  The  rate  k^  is  suggested  by  Cohen*-0 
for  all  v;  we  use  k^  for  v  >  3. 
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The  efficiency  of  in  deactivating  IF(v)  is  ass  tned  the  same  as  Ar,  and  the 

3S 

I F (v) -He  rate  is  taken  as  1.5  times  the  \r  rate. 


* Vhc  alternate  rate  suggested  by  Cohen*- 1  based  on  the  Rapp  ami  bnglander-Colden 
theory^0  is  used  after  a  reevaluation  of  the  experimental  data. 


